Abstract. The magnetoelectric effect in the system RAl3(BO3)4 (R = Tb, Ho, Er, Tm) is investigated between 3 K and room temperature and at magnetic fields up to 70 kOe. We show a systematic increase of the magnetoelectric effect with decreasing magnetic anisotropy of the rare earth moment. A giant magnetoelectric polarization is found in the magnetically (nearly) isotropic HoAl3(BO3)4. The polarization value in transverse field geometry at 70 kOe reaches 3600 µC/m 2 which is significantly higher than reported values for the field-induced polarization of linear magnetoelectric or even multiferroic compounds. The results indicate a very strong coupling of the f-moments to the lattice. They further indicate the importance of the field-induced ionic displacements in the unit cell resulting in a polar distortion and a change in symmetry on a microscopic scale. The system RAl3(BO3)4 could be interesting for the technological utilization of the high-field magnetoelectric effect.
Introduction
The magnetoelectric (ME) effect in materials has been a matter of investigation for more than a century. The original conjecture of Pierre Curie [1] about the existence of materials that can be electrically polarized by an external magnetic field was later considered by Peter Debye [2] who defined the term "magnetoelectric". It took another few decades, shortly after Dzyaloshinskii [3] theoretically predicted the ME effect in antiferromagnetic Cr 2 O 3 , that the electric-field induced magnetization [4] and the magnetic-field induced polarization [5] had been found at low temperatures in Cr 2 O 3 . This experimental demonstration of the ME effect in materials initiated several decades of extensive studies and the search for other compounds with larger ME coupling [6] . The current record holder of the linear magnetoelectric effect (P ∝ H, P electrical polarization, H magnetic field) is T bP O 4 with a coefficient of 730 ps/m at 1.5 K and fields below 8 kOe [7] .
The ME coupling can be derived from thermodynamic relations by expanding the free energy in terms of the magnetic and electric fields [6] . The lowest-order term that involves magnetic as well as electric fields, α ij E i H j , defines the linear magnetoelectric tensor, α ij . The magnitude of α ij is usually small, for Cr 2 O 3 it is not larger than 5 ps/m and for the recently discovered hightemperature magnetoelectric hexaferrite the maximum of α ij is 250 ps/m [8] . More importantly, Figure 1 . Part of the structure of RF e 3 (BO 3 ) 4 highlighting two helical chains of edge sharing F eO 6 polyhedra.
at higher magnetic fields, the linear magnetoelectric effect breaks down (above 8 kOe in T bP O 4 ) [9] or decreases rapidly (above 5 kOe in hexaferrites). This limits the magnitude of the electrical polarization that can be induced by magnetic fields to relatively low values. Therefore, the bilinear magnetoelectric coupling of the form β ijk E i H j H k in the free energy expansion may become more important and even dominate the ME effect at higher magnetic fields.
The search for materials with larger ME interactions has been extended recently to the study of multiferroic materials [10, 11, 12] . In multiferroics, the electrical polarization is induced by certain types of magnetic orders as a secondary order parameter resulting in improper ferroelectricity. Sizable values of the polarization have indeed been achieved in the ferroelectric state (e.g. 2500 µC/m 2 in DyM nO 3 ) [13] , however, the tunability in magnetic fields is rather limited and frequently associated with phase transitions in the multiferroic state within a narrow field or temperature range. Therefore, attention has shifted to alternative classes of materials with large ME polarizations such as the rare earth iron borates, RF e 3 (BO 3 ) 4 [14, 15, 16, 17] .
The RF e 3 (BO 3 ) 4 compounds crystallize in the trigonal huntite structure, space group R32 (No. 155) [18] , and experience a structural transition at T S to the space group P 3 1 21 (No. 152) with sizable anomalies in the specific heat [19] and the dielectric constant [15] . The structural transition temperature decreases from 430 K (R=Ho, Y) to about 90 K (R=Eu) with increasing rare earth ionic radius [19] . At lower temperatures, the magnetic exchange interactions between the iron spins results in an antiferromagnetic order of the Fe moments at T N <40 K. The iron spins are relatively close along the c-axis since the F eO 6 octahedra form edge-sharing helical chains along c (Fig. 1) . Direct as well as super exchange interactions are supposed to contribute to the coupling of the spins. Different chains are linked through BO 3 units (as labeled in Fig. 1 ) and magnetic exchange between two Fe moments of neighboring chains involves two oxygen ions of the BO 3 triangle. The magnetic rare earth ions are embedded between the F eO 6 chains and their f-moment couples strongly to the d-spin of the iron at lower temperatures. The existence and coupling of two magnetic species results in complex phase diagrams with spin rotation transitions of the Fe moments induced by the strong magnetic anisotropy of the rare earth ions [15, 20] . The magnetoelectric properties of the RF e 3 (BO 3 ) 4 system have been investigated in detail [21] and the largest ME effect was reported for N dF e 3 (BO 3 ) 4 at high fields up to 20 Tesla [17] . However, it is not clear whether the large ME effect is associated with the rare earth moment of the iron spin and their coupling to the lattice. The wealth of [20, 22] . This makes a physical understanding of the magnetoelectricity and magnetic properties of this system very difficult.
We have therefore synthesized and studied the isostructural compound system RAl 3 (BO 3 ) 4 where the transition metal (Fe) was completely replaced by the nonmagnetic aluminum. Substituting Al for Fe substantially reduces the magnetic correlations since the remaining fmoments are more than 6Å apart (see the partial structure shown in Fig. 1 ). This contribution addresses the question of whether or not the simplified magnetic system still gives rise to a sizable ME effect and how it may depend on the magnetic anisotropy of different rare earth ions.
Synthesis and experimental methods
Single crystals of the system RAl 3 (BO 3 ) 4 (R=Tb, Ho, Er, Tm) were grown from the seed crystals as described earlier [23] . The samples of sizes from 5 to 8 mm display well developed growth faces reflecting the trigonal symmetry. In the following we will use an orthogonal coordinate system with x and z parallel to the hexagonal a-and c-axes, respectively, and y perpendicular to x and z. A selection of crystals is shown in Fig. 2 . The crystals were cut and shaped according to the demands of the magnetic and magnetoelectric studies. The magnetization was measured in a Superconducting Quantum Interference Device (SQUID) magnetometer (MPMS, Quantum design) with an applied field of 1000 Oe. The magnetoelectric measurements were conducted in a Physical Property Measurement System (PPMS, Quantum Design) for magnetic field and temperature control. The field-induced polarization was determined by integrating the magnetoelectric current arising from a change of polarization while sweeping the magnetic field at a constant speed of 200 Oe/s. The polarization was measured along different crystallographic orientations with longitudinal as well as transverse field directions.
3. Results and discussion 3.1. Magnetic properties Fig. 3 shows the magnetization for the four compounds along x and z directions. The anisotropy of the magnetism is determined by the properties of the rare earth ion. T bAl 3 (BO 3 ) 4 exhibits the strongest uniaxial anisotropy with χ z exceeding the in-plane χ x by more than a factor of 250 at low temperatures (Fig. 3a) . In contrast, ErAl 3 (BO 3 ) 4 shows the largest easy plane anisotropy, followed by T mAl 3 (BO 3 ) 4 (Figs. 3b and 3c, respectively) . HoAl 3 (BO 3 ) 4 is magnetically nearly isotropic with a minute preference of the c-axis (Fig. 3d) . The anisotropy ratio χ z /χ x is 1.2 over a large temperature range and increases slightly to about 3 at the lowest temperatures. These results are in contrast to an earlier report [24] which found χ x slightly larger than χ z and Table 1 for all compounds. The effective magnetic moments, as determined from a Weiss fit of the high-temperature inverse susceptibilities, are also included in Table 1 . 
Magnetoelectric properties
The magnetoelectric properties of the system RAl 3 (BO 3 ) 4 depend on the splitting of the forbitals in the crystal field, the occupation of the f-levels, and the coupling to the lattice. Since the noncentrosymmetric space group R32 is a non-polar group, the external magnetic field has to introduce a polar distortion to give rise to a macroscopic electrical polarization. This polarization can be significant, as shown earlier for R=Tm, Ho [25, 26] . The role of the magnetic anisotropy, which is also determined by the occupied crystal field levels, and its relation to the magnetoelectric couplings is of interest and is studied in detail for Tb, Er, Tm, and Ho in the RAl 3 (BO 3 ) 4 structure.
Measurements of the magnetoelectric current of T bAl 3 (BO 3 ) 4 along the in-plane x-and out-of-plane z-directions in longitudinal and transverse magnetic fields have not yielded any magnetoelectric signal within the resolution of the measurement. Therefore, we conclude that T bAl 3 (BO 3 ) 4 with the largest uniaxial magnetic anisotropy is either not magnetoelectric or the ME effect is very small. A similar reduction of the ME effect due to strong uniaxial anisotropy of the rare earth moment was discussed in the isostructural RF e 3 (BO 3 ) 4 system and it was attributed to the small in-plane components of the f-moments for R=Pr, Tb, Dy [21] . Although the RF e 3 (BO 3 ) 4 system is more complex due to the presence of Fe-spins, their magnetic order, and their exchange coupling with the rare earth, it appears conceivable that the phenomenological model derived for the rare earth iron borates could qualitatively explain the missing ME effect of T bAl 3 (BO 3 ) 4 .
On the contrary, the nearly isotropic HoAl 3 (BO 3 ) 4 and the easy-plane magnets ErAl 3 (BO 3 ) 4 and T mAl 3 (BO 3 ) 4 have been found to display a sizable magnetoelectric polarization, with the orientation and magnitude depending on the rare earth ion. For the three ME compounds we found the largest ME effect in transverse field orientations with the electrical polarization measured along the x-axis and the magnetic field applied in y-direction. This transverse ME polarization is shown at different temperatures in Fig. 4 . The sign of the polarization is referenced to the longitudinal polarization P x (H x ) which was chosen to be positive. The transverse P x (H y ) has the opposite sign in all cases (Fig. 4) . For ErAl 3 (BO 3 ) 4 , the magnitude of P x (H y ) increases to 140 µC/m 2 at the lowest temperature of 3 K and at a field of 70 kOe. At higher temperatures, the polarization values are diminished, as shown in Fig. 4a . However, the magnetoelectric effect is still significant at temperatures as high as 100 K. This distinguishes the RAl 3 (BO 3 ) 4 system from the rare earth iron borates where a sizable ME effect was only detected below the Neél temperature (∼ 40 K) of the Fe spins [21] .
The magnitude of the transverse polarization increases even further in T mAl 3 (BO 3 ) 4 (up to 750 µC/m 2 , Fig. 4b ) and HoAl 3 (BO 3 ) 4 (up to 3600 µC/m 2 , Fig. 4c ) at 3 K and 70 kOe. These values exceed the ME polarizations obtained at the same magnetic fields in the RF e 3 (BO 3 ) 4 systems significantly. The maximum of 3600 µC/m 2 in HoAl 3 (BO 3 ) 4 appears to top the reported field-induced polarizations in the known magnetoelectric compounds and even in multiferroics, e.g. DyM nO 3 (P max =2500 µC/m 2 ) [13] . This result leads us to conclude that the d-electron spin of the Fe ion in RF e 3 (BO 3 ) 4 and the antiferromagnetic order does not facilitate the ME effect. It rather seems to be detrimental, preventing large field-induced polarization values. It is also interesting that the ME polarization in the system RAl 3 (BO 3 ) 4 is correlated with the magnetic anisotropy of the rare earth ion. P x (H y ) increases when the anisotropy decreases. This behavior indicates that the components of the f-moment in the hexagonal plane as well as perpendicular to the plane are both essential for the ME properties. The magnetoelectric effect decreases whenever one component becomes small and the anisotropy (uniaxial or in-plane) increases. Therefore, the magnetically isotropic rare earth ion gives rise to the largest polarization values.
The ME effect is associated with a field-induced structural distortion to a polar structure since the zero-field space group R32 is non-polar. This macroscopic distortion was detected in the RAl 3 (BO 3 ) 4 system through magnetostriction measurements and was found significant [25, 26] . Unfortunately, macroscopic magnetostriction data cannot reveal the microscopic displacements of the ions giving rise to the ME polarization. The magnetic field effects on the microscopic structure and the nature of the distortions could be studied through scattering (X-ray, neutron) methods in magnetic fields. Those experiments will eventually lead to a more comprehensive understanding of the ME effects in the RAl 3 (BO 3 ) 4 class of materials.
Summary
We have studied the magnetoelectric effect in the system RAl 3 (BO 3 ) 4 for rare earth ions Tb, Er, Tm, and Ho with different magnetic anisotropies. While no magnetoelectric effect was found in the easy axis magnet T bAl 3 (BO 3 ) 4 , the easy plane and nearly isotropic magnets ErAl 3 (BO 3 ) 4 , T mAl 3 (BO 3 ) 4 , and HoAl 3 (BO 3 ) 4 exhibit a large magnetoelectric polarization in external fields, exceeding values reported for the sister compound system RF e 3 (BO 3 ) 4 significantly in the same magnetic field range. We show that the transverse magnetoelectric effect is largest for all compounds and it increases with the decrease of the magnetic anisotropy. X-ray or neutron scattering experiments in magnetic fields are proposed to elucidate the microscopic distortions giving rise to the large magnetoelectric effect.
